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(57) ABSTRACT 

Simultaneous tracking of multiple objects in a sequence of 
video frames captured by multiple cameras may be accom 
plished by extracting a foreground elements from a back 
ground in a frame, segmenting objects from the foreground 
surface, tracking objects Within the frame, globally tracking 
positions of objects over time across multiple frames, fusing 
track data of objects obtained from multiple cameras to infer 
object positions, and resolving con?icts to estimate most 
likely object positions over time. Embodiments of the 
present invention improve substantially over existing track 
ers by including a technique for extraction of the region of 
interest that corresponds to a playing ?eld, a technique for 
segmenting players from the ?eld under varying illumina 
tions, a template matching criteria that does not rely on 
speci?c shapes or color coherency of objects but on con 
nected component properties, and techniques for reasoning 
about occlusions and consolidating tracking data from mul 
tiple cameras. 
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METHOD FOR SIMULTANEOUS VISUAL 
TRACKING OF MULTIPLE BODIES IN A CLOSED 

STRUCTURED ENVIRONMENT 

BACKGROUND 

[0001] 1. Field 

[0002] The present invention relates generally to computer 
vision and, more speci?cally, to three dimensional (3D) 
scene analysis for automatically visually tracking multiple 
bodies in motion via multiple cameras. 

[0003] 2. Description 

[0004] Aclosed World is described by a ?nite set of objects 
and by a internal state for each of the instantiated objects. 
When one captures video in a closed World, each pixel of 
every frame should be explained as belonging to one (or a 
combination) of the knoWn objects in the World. In one 
example, of a soccer match, the closed World contains 
players, referees, ?eld lines, goals, the ball, and grass. The 
internal state of the closed World over time (e.g., the 
positions of the players) hoWever, is unknoWn and may be 
computed from the incoming visual data in a sequence of 
video frames. Robust visual processing routines for com 
puting the internal state may be selected using prior knoWl 
edge about the domain and any information that has already 
been learned about the state of the World. Closed Worlds 
alloW us to add constraints to the problem of tracking objects 
and therefore increase the robustness and reduce the com 
plexity of the tracking problem. 

[0005] Video annotation is the task of generating descrip 
tions of video sequences that can be used for indexing, 
retrieval, and summariZation. Video annotation is different 
from general image understanding in that one is primarily 
interested in the detection of speci?c events, as opposed to 
understanding the unbound semantics of the scene. Many 
video annotation domains require documenting interactions 
betWeen people and other non-rigid objects against non 
static backgrounds and in unconstrained motion. 

[0006] Methods to track moving objects in video 
sequences for purposes of video annotation are being devel 
oped. Some Work is underWay in developing tracking sys 
tems for closed Worlds such as for professional sports 
events. In one knoWn system, analysis of the movement of 
players in a soccer match is implemented by examining 
color histograms of player’s uniforms. HoWever, the results 
of such a system may be negatively affected by changing 
levels of illumination in a video sequence. Hence, novel 
methods of tracking moving objects in an image sequence 
for video annotation or other purposes are desired. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] The features and advantages of the present inven 
tion Will become apparent from the folloWing detailed 
description of the present invention in Which: 

[0008] FIG. 1 is a diagram of a system for simultaneous 
visual tracking of multiple bodies according to an embodi 
ment of the present invention; 

[0009] FIG. 2 is a diagram illustrating sample output data 
from the processing system of FIG. 1 according to an 
embodiment of the present invention; 
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[0010] FIG. 3 is a high-level ?oW diagram illustrating 
components of a visual tracking solution according to an 
embodiment of the present invention; 

[0011] FIG. 4 is a How diagram illustrating initialiZation 
processing according to an embodiment of the present 
invention; 
[0012] FIG. 5 is a diagram of a tWo-tier hierarchical 
median ?lter technique according to an embodiment of the 
present invention; 

[0013] FIG. 6 is a How diagram of a player segmentation 
component to produce an image With players segmented 
from the rest of the scene according to an embodiment of the 
present invention; 

[0014] FIG. 7 is a diagram of a track update component to 
produce an updated track according to an embodiment of the 
present invention; 

[0015] FIG. 8 is a How diagram of the tracking update 
algorithm according to an embodiment of the present inven 
tion; 
[0016] FIG. 9 is a diagram of a data fusion component to 
perform multiple camera data fusion according to an 
embodiment of the present invention; 

[0017] FIG. 10 is a diagram of a sample track according 
to an embodiment of the present invention; 

[0018] FIG. 11 is a How diagram of estimating player 
positions according to an embodiment of the present inven 
tion; 
[0019] FIG. 12 is an example of an input image from a 
video sequence; 

[0020] FIG. 13 is an input image clipped by the ?eld 
template, the region of the image corresponding to the 
playing ?eld, Where White regions are considered irrelevant 
for further processing, according to an embodiment of the 
present invention; 

[0021] FIG. 14 is an example of a ?eld model generated 
by the ?eld model generator described in FIGS. 3 and 4; 

[0022] FIG. 15 is an example shoWing the results of the 
player segmentation component described in FIGS. 3 and 6; 
and 

[0023] FIG. 16 is an example of tracking data generated 
by the tracking update component described in FIGS. 3 and 
7. 

DETAILED DESCRIPTION 

[0024] An embodiment of the present invention is a 
method of tracking multiple bodies in a structured environ 
ment by analyZing a sequence of video frames. Embodi 
ments of the present invention improve substantially over 
existing trackers by including a technique for extraction of 
a region of interest (ROI) that corresponds to a portion of a 
playing ?eld, a technique for segmenting players from the 
playing ?eld under varying illuminations, a template match 
ing criteria that does not rely on speci?c shapes or color 
coherency of objects but on connected component proper 
ties, and techniques for reasoning about occlusions and 
consolidating tracking data from multiple cameras. In some 
prior art tracking systems, the systems focus on analyZing 
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the colors of objects in a scene. Since colors on a player’s 
uniform may be dependent on the illumination at different 
positions on the ?eld, this approach has proven to be 
problematic. In contrast, in embodiments of the present 
invention, the motion of objects in a scene over a period of 
time may be analyZed to assist in determining positions of 
the objects. The objects identi?ed as a result of this motion 
analysis may be tracked over multiple video frames to 
produce tracks of object positions over time. These object 
positions may be used for video annotation purposes to 
gather statistics and game summaries of the events occurring 
in the video sequence. 

[0025] Reference in the speci?cation to “one embodi 
ment” or “an embodiment” of the present invention means 
that a particular feature, structure or characteristic described 
in connection With the embodiment is included in at least 
one embodiment of the present invention. Thus, the appear 
ances of the phrase “in one embodiment” appearing in 
various places throughout the speci?cation are not neces 
sarily all referring to the same embodiment. 

[0026] In at least one embodiment, the present invention 
may be applied to the problem of tracking players and the 
ball in the video sequence of a soccer match. The soccer 
match may be captured by a plurality of cameras according 
to conventional techniques. FIG. 1 is a diagram illustrating 
a system for simultaneous visual tracking of multiple bodies 
according to one embodiment of the present invention. A 
plurality of cameras 10, 12, 14, 16, 18, 20, 22, 24, 26, and 
28 may be used to capture images of a live, physical Word 
three-dimensional (3D) scene 30 over time. Although in the 
present example, ten cameras are shoWn, in various imple 
mentations any number of cameras may be used. The 
cameras may be positioned anyWhere around the 3D scene 
to capture What is happening in the scene. From a given 
vieWpoint, a player may occlude another during game play. 
Placement of additional redundant cameras should be driven 
by the removal of ambiguity caused by these potential 
occlusions. The sequence of video frames captured by each 
camera may be communicated in either analog or digital 
form to processing system 32. If the video data arrives in 
analog form, the processing system may convert the data to 
digital form. In some instances, digital cameras may be 
employed to capture images and send digital video data to 
the processing system. 

[0027] In one example, the 3D scene may be a live soccer 
match including a plurality of players, referees, and a ball 
moving around on a ?eld of grass or other playing surface. 
The 3D scene may also include various background objects 
such as spectators, advertising signs, stadium structures, 
seats, the sky, and so on. During a game things in the closed 
World may change, such as the Weather illumination, debris 
may be throWn by the croWd, players may get dirty, and 
grass damage may occur. In other instances, the present 
invention may be applied to visually tracking objects in 
other 3D scenes such as other sporting events (e.g., football 
games, tennis matches, etc.), security surveillance situations, 
automobile or air traffic surveillance, and other events 
occurring in environments capable of being described as a 
closed World. 

[0028] In the soccer example, several problems must be 
addressed. The playing ?eld should be extracted from every 
video frame in order to restrict the search area to a region of 
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interest (ROI) When tracking players. Players and the ball 
should be identi?ed and tracked in the video sequence. 
Players move nonrigidly, frequently collide With each other, 
and may be occluded by other players. The positions of the 
players over time should be determined. 

[0029] Processing system 32 takes video data as input 
from the plurality of cameras, processes the video data, and 
produces output data 34. In one example, the video data may 
comprise sequences of video frames captured by the cam 
eras over a period of time. The processing system applies 
techniques as described further herein to identify objects in 
each video frame and to generate tracks of object movement. 
A track is a sequence of geographic positions of an object 
over time in World coordinates. The processing system may 
comprise any system for processing data having a processor, 
a memory, and at least one input port or device, and at least 
one output port or device. For example, the processing 
system may be a personal computer (PC), a server, a 
mainframe computer, a minicomputer, or any other elec 
tronic device capable of operating on the video sequence and 
capable of executing a program to analyZe the video data. 

[0030] Output data may comprise time-stamped informa 
tion about identi?ed objects such as their identi?ers, posi 
tions in the 3D scene (e.g., track data), and other data. For 
example, the data structure shoWn in FIG. 2 is a subset of 
What may be included in output data 34. When the process 
ing system is used to analyZe a soccer match, the output data 
may include items such as player number 36, ?eld position 
38 at a given time, and a frame or time designator 40. In 
various embodiments, many different types of information 
may be present in output data 34, depending on the imple 
mentation of the processing system and the contents of the 
3D scene. 

[0031] In embodiments of the present invention, tracking 
is based on the movement of knoWn objects in the closed 
World over time, not merely according to the matching of 
color of the objects. Multiple cameras are used and a 
late-binding approach is used to consolidate the tracking 
data inferred independently for each of the cameras. A high 
level How diagram of the tracking techniques used by the 
processing system of the present invention is shoWn in FIG. 
3. In the folloWing paragraphs, the processing ?oW for data 
from a single camera Will ?rst be described, and then the 
consolidation process used to merge tracking data from 
multiple cameras Will be described. 

[0032] At block 100 of FIG. 3, the system ?rst initialiZes 
processing of player tracking using an initialiZation compo 
nent. In one embodiment, the present invention may be used 
for tracking players in a soccer match. In this example, 
creation of a soccer ?eld template, calibration of all cameras 
and identi?cation and initialiZation of layers is implemented 
in block 100. A ?eld template is a binary template that 
designates Which areas of the image are of interest. In the 
example of a soccer ?eld, the ?eld template is de?ned by the 
area enclosed by the sidelines. 

[0033] Generally, in embodiments of the present inven 
tion, the cameras capture a sequence of video frames (2D 
projections of the 3D scene) that are input to the processing 
system. Since the cameras are calibrated a priori, the pro 
cessing system may use the calibration parameters to back 
project pixels from the 2D images back into 3D space. The 
2D to 3D mapping for a given camera is knoWn in computer 
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vision as homography and is computed by Well-knoWn 
camera calibration procedures. 

[0034] FIG. 4 is a How diagram illustrating the initialiZa 
tion processing of block 100 according to an embodiment of 
the present invention. At block 200, initialiZation processing 
may be performed by the initialiZation component for each 
camera in the system. At block 202, a ?eld template for a 
camera may be created. At block 204, the camera may be 
calibrated using homography mapping. At block 206, the 
players visible on the ?rst frame (i.e., frame Zero) may be 
identi?ed using homography to map pixels to World coor 
dinates. 

[0035] At the very beginning of the match, an identi?er 
may be assigned to each player and object (such as the ball, 
for example) along With the player’s or object’s initial 
position on the ?eld. All objects on the ?eld are identi?ed 
either manually or automatically. The initial position is also 
de?ned for each object on the playing ?eld. In one embodi 
ment, the initial position of each player on the ?eld is given 
manually by clicking on the images of their bodies in a video 
frame of the ?eld. This is possible because results of camera 
calibration are available at this point in the processing How 
and alloWs one to use the homography mapping to translate 
image coordinates to World coordinates. The ?eld may 
ultimately be represented as a tWo dimensional grid having 
X and Y coordinates in World coordinates. 

[0036] Referring back to FIG. 3, at block 101 the pro 
cessing system creates a ?eld model by examining the 
motion of objects on the ?eld (e.g., the players, the referees, 
and the ball) over a large but ?nite WindoW of time. The ?eld 
model is de?ned as an image Where all moving objects are 
replaced by the stationary background underneath. This is 
accomplished by analysis of a long video sequence by a 
tWo-tier hierarchical median ?lter that constructs the ?eld 
model ef?ciently. Alternative methods, including image 
mosaicing, may also be used. In different embodiments, the 
?eld model may be either computed once during initialiZa 
tion, updated sporadically, updated on a need-to-basis, or 
updated continuously. Adaptivity to lighting conditions and 
other dynamic events requires multiple updates. 

[0037] FIG. 5 is a diagram of a tWo-tier hierarchical 
median ?lter technique according to an embodiment of the 
present invention. This ?lter is designed to eliminate moving 
objects and to gracefully accommodate gradual environmen 
tal changes (such as illumination and sunset) and permanent 
environmental changes (such as debris throWn in the ?eld, 
dirty uniforms, etc.). For every pixel of a video frame, the 
system seeks to remove the temporal color variability intro 
duced by the moving objects and to preserve the constant 
background that becomes visible betWeen ?eld occlusion 
events. One approach is to median-?lter each pixel over 
time. One problem With this approach is that the ?ltering 
WindoWs must be Wide to be useful and the computational 
cost becomes considerable. 

[0038] An embodiment of the present invention creates an 
alternative loWer cost solution by breaking the sequence of 
video frames into short consecutive sub-sequences. For 
explanatory purposes in FIG. 5, the number of frames in a 
sub-sequence is shoWn to be 3, although in one embodiment, 
the number of frames in a sub-sequence may be set to 20. In 
other embodiments, other numbers of frames may be used 
for each sub-sequence. For every pixel, the ?rst tier median 
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?ltering process removes local temporal variations of color 
Within each temporally adjacently sub-sequence. The set of 
most recently produced results of the ?rst tier ?lter may then 
be kept and input to a second tier median ?lter to remove 
variations induced by sloW moving objects—i.e., objects 
that remain stationary longer than the short WindoW of time 
represented by the ?rst tier ?lter, but not longer than half of 
the much larger temporal WindoW covered by the second tier 
?lter. The tWo-tier ?lter operates effectively on a temporal 
sliding WindoW of the data that may comprise hundreds or 
thousands of video frames Without incurring the computa 
tional cost of doing so. This technique alloWs for long-term 
motion analysis of video frames Without imposing large 
memory or processing requirements. The tWo WindoW 
Widths and WindoW overlaps are parameters that alloW the 
system to control the amount of motion to ?lter out. In one 
embodiment, block 102 of FIG. 3 continuously produces a 
distinct ?eld model for each camera in the system. 

[0039] Referring back to FIG. 3, block 102 segments 
players from the playing ?eld by examining the discrepan 
cies betWeen the ?eld model (Where players have been 
removed) and the current frame (Where players are visible). 
FIG. 6 is a How diagram of a player segmentation compo 
nent for producing an image With players segmented from 
the rest of the scene according to an embodiment of the 
present invention. The player segmentation component takes 
the current video frame 220 of a video frame sequence from 
a camera, the ?eld model 222 continuously generated by 
block 102 and the knoWn binary ?eld template 224 gener 
ated during initialiZation by block 100 and generates a 
player segmentation image Where pixels belonging to a 
player are black and other irrelevant pixels are White. First 
the system computes the difference 226 betWeen the current 
?eld model 222 (that only contains the grass background) 
and the current image 220 (grass plus players), leaving the 
players clearly identi?ed as blobs. The ?eld template 224 is 
applied to clip 228 the region of interest from the difference 
image. Finally, the clipped difference image is enhanced at 
block 230. In one embodiment, noise ?oor processing and 
morphological ?ltering may be applied to the clipped dif 
ference image. One goal of this step is to only consider 
connected components that are large enough to represent 
objects of interest. Enhancement of the clipped difference 
image produces one or more resulting images referred to 
herein as player images 232. This segmentation processing 
may be done for each video frame captured by each camera 
in the system. 

[0040] The ?eld model 222 is created by median ?ltering. 
Although perceptually equivalent, the ?eld model is not a 
perfect match to the current background. Direct image 
differencing produces very poor results. A thresholded dif 
ference, Where only differences larger than the threshold are 
considered, must be used to reduce the sensitivity to noise. 
In one embodiment, the camera noise ?oor may be measured 
a priori and used as a baseline threshold. The threshold can 
also be learned in an adaptive Way by capturing videos of the 
?eld Without moving objects and comparing them With the 
computed ?eld models. In block 228 of FIG. 6, the player 
segmentation component extracts the region of interest in 
the difference frame by performing ?eld clipping. One goal 
of this operation is to separate interesting regions of the ?eld 
(including the players, the ball, and the playing surface (e. g., 
grass)) from other irrelevant background areas (such as 
spectators, surrounding stadium structures, and so on). Prior 










